Unmanned aerial vehicles including drones are attracting attention in recent years. A drone is required to approach an object and obstacles when the drone uses for inspection and an indoor space. However, the collision risk is increased when the drone is close to the object. In this paper, we propose the omni-directional proximity sensor for a drone to avoid a collision. The sensor system consists of 30 units of time-of-flight (ToF) sensors that are able to detect the distance between the sensors and objects. The sensor system attaches to the propeller guard and the drone, and detects the object at non-contact area. Thus, this sensor system can avoid unnecessary contact between the drone and objects. Therefore, the sensor system may be useful for drones.
Introduction
Unmanned aerial vehicles are attracting attention in recent years. In particular, drone is expected to be used in various fields such as photography, agriculture, delivery, inspection, and product management. Among these, we focused on the drone for inspection and product management. Many drone system have been proposed for inspection of transmission line (1)- (2) , concrete (3) of a tunnel and bridge, and so on. The drone for product management in indoor space (4) has been proposed. Many of these drones are required to approach an object and obstacles when the drone uses for inspection and an indoor space. However, the collision risk is increased when the drone is close to the object. The main methods to avoid collisions between the drone and obstacles are a manual control by the pilot and an automatic control using sensor information. In the case of manual control by the pilot, the collision avoidance depends on the pilot's skills. There is a risk of the collision by blind spots and maneuvering errors, even if the pilot has good skills.
On the other hand, many sensors for drone have been proposed to avoid collision (5)- (10) . The drone with a laser finder has been proposed (5) . A laser finder can detect an object with high accuracy in the horizontal direction. However, many laser scanners are heavy and expensive. The method of collision avoidance on quadrotor unmanned aerial vehicle using image sensors has been proposed (6) . However, image processing requires an advanced processing system. The drone with some ultrasonic sensors has been proposed (7)- (8) . Ultrasonic sensors are one of the useful sensors for drone because they can detect the distance to the object and the size is not large. Furthermore, a system combining ultrasonic sensors and optical sensors on a drone has also been proposed (9) . However, many ultrasonic sensor are not small enough, and it is not easy to attach many sensor on a drone. Several time-of-flight (ToF) sensors are commercially available in recent years (10) . This ToF sensor is inexpensive, small in size, and can detect a distance. In addition, the small ToF sensors on a drone have been proposed (11) . However, the system consists of 4 pieces of ToF sensors, and many blind spots may be occurred.
An objective of this study is to establish a proximity sensor system without blind spots for a drone. Fig. 1 shows a goal image of the proposed sensor system on a drone. The sensor system increases safety of drone because the sensor constantly measures a state of near the drone, and uses to avoid contact with objects.
Previously, we have developed a proximity skin sensor using ToF sensors that can be attached to the entire human cooperative robots surface for safety (12) . The sensor comprises 54 pieces of ToF sensors that can detect the distance between the sensor and an object. The detection range of this sensor system is about 300 mm. We think that it is useful as detection range for a robot, however it is short for a drone.
In this paper, we proposed an omni-directional proximity sensor for drone. This sensor system consists of 30 pieces of ToF sensors. ToF sensors are different from that of previous study (12) to increase the detection range. The detection range of this sensor system is about 2000 mm. The prototype sensor is set on the propeller guard and top of the drone. The sensor measures the distance between the sensor and objects while the drone is flying.
Proposed Sensor System

Omni-Directional Proximity Sensor
The sensor system consists of many ToF sensors. ToF sensor detects the distance to an object by measuring the time to receive light reflected from the object when infrared light is emitted. Thus, a ToF sensor can measure the distance without affecting the reflectivity of the object. Fig. 2 show diagram of the prototype sensor. The prototype sensor used VL53L0X (STMicroelectronics, Inc.) (10) as ToF sensor. The size of VL53L0X is about 5 × 3 mm. The sensor board (about 15 × 10 mm) including VL53L0X is used for easy prototyping. The size of the sensor system can be decreased by using VL53L0X instead of the sensor board in the future. VL53L0X can be set in the software setting with a detection distance of 1200 mm detection mode and 2000 mm detection mode. In this study, the 2000 mm detection mode was used. The prototype sensor consists of 5 units of the sensor module. The sensor module consists of 6 pieces of ToF sensors and a slave microcomputer. The VL53L0X is connected to a slave microcomputer by I 2 C serial bus 2, and controlled by the slave microcomputer. Devices with different I 2 C addresses can be connected on one I 2 C serial bus. The I 2 C device address of VL53L0X can be changed to a new address using the I/O of the slave microcomputer and software. Each slave and master microcomputer is connected by I 2 C serial bus 1. The I 2 C device address of each slave microcomputer is set to a different address. Thus, the sensor system saves wiring because the sensor modules are connected by one I 2 C bus 1. Buffer circuits are used between the master and slave microcomputers to isolate the I 2 C bus capacitance (12) . Angle of divergent laser emission for the VL53l0X is 25 degrees, and the laser output of VL53L0X is within Class 1 laser safety limit. The peak of IR emitting light of VL53L0X is 940 nm. The interval between each ToF sensor is 30 mm. Fig.  3 shows the prototype sensor on the drone (Parrot, Bebop Drone2). The sensor system is attached to the drone and the commercial propeller guard. 4 units of the sensor modules are attached to the propeller guard, and a unit of sensor module is attached to the top of the drone. Thus, the sensor system can detect objects in the horizontal and upside of the drone. The measured data are transmitted from the master microcomputer to the PC using a bluetooth module. The power supply (5 V) of the sensor system is changed using a DC-DC converter from the drone battery (12 V). It takes approximately 38 ms to obtain one complete cycle of measurements (30 sensors) including a data transmitting time from the bluetooth module to PC.
X-Y Position Detection
We calculated the X-Y position of the object using each ToF sensor. 
Results and Discussion
Basic Characteristics of Prototype Sensor
As a basic experiment, the drone with the prototype sensor is placed on a table, as shown in Fig. 5 , whereas the sensor measure the distance to the object. The distance between the object and the sensor is set from 0 to 2000 mm. The objects are the white styrene foam and the brown corrugated board. The ambient light condition is the daylight white light emitting diode (LED) ceiling lighting of the room. Fig. 6 show the measurement distance (D). The sensor can detect the distance because D is changed according to the distance shown in Fig. 6 . In the case of the brown corrugated board, the detected distance is approximately 1500 mm. In the case of the while styrene foam, the detected distance is approximately 2000 mm. Although the detectable distance differs depending on the color (reflectance) of the object, the sensor can detect the distance from the object. Thus, ToF sensors on the drone can detect non-contact condition around the drone.
Object Detection on the Flying Drone
We evaluated object detection on flying drone. Fig. 7 shows the experimental conditions. The drone flew indoors, and the objects are the rack and the stepladder. In this experiment, the drone flew at a fixed height. The drone moved along the arrow in Fig. 7 , and Fig. 7 (1) and (2) . The sensors in Fig. 8 (I) and (V) detect the wall of the room. In addition, the distance between the ceiling and the drone can be detected. The sensor in Fig.  8 (II)-(IV) detects the stepladder and rack. Thus, the sensor on the flying drone can detect the distance and shape of objects in real time. The detection distance of this ToF sensor is 2000 mm, and it may be not enough for drone. However, the speed of the drone is usually slow during inspection and indoor. Thus, we think that the drone with the proposed sensor system can avoid unnecessary contact using the obtain information of the sensor. In this prototype sensor, the sensor system can detect objects in the horizontal and above the drone. We plan to attach many ToF sensors for multiple directions, and measure a state of near the drone without blind spots. From these results, we believe that the proposed proximity sensor can detect an object near the drone and can be used as a safety measure for drones.
Conclusions
We proposed an omni-directional proximity sensor for drone to avoid contact with objects. This sensor system consists of 30 pieces of ToF sensors. The ToF sensor can detect the distance from approximately 2000 mm. The prototype sensor is set on the propeller guard and top of the drone. The sensor system on the flying drone can detect objects in the horizontal and above the drone. Thus, the drone can avoid making contact with the object using measured information. We believe that the proposed sensors can be used as proximity sensors for drones. Aerial System Based on the Quadrotor Helicopter", Proceedings of 17th IEEE Mediterranean Electrotechnical Conference, pp. 393-397, 2014 
